Abstract. The goal of this study is to determine whether shear wave splitting observed in subduction zone back arc regions, the Tonga subduction zone in particular, can be quantitatively modeled with flow in the back arc mantle driven by the motions of the subducting slab and the upper back arc plate. We calculated two-dimensional mantle flow models using known Tonga plate motions as boundary conditions and assuming a range of uniform and variable viscosity structures. Shear wave splitting was predicted for the anisotropy due to lattice preferred orientation (LPO) of olivine and orthopyroxene in the flow model finite strain fields. The predicted shear wave splitting provides a good match to the fast directions (parallel to the azimuth of subducting plate motion) and splitting times (0.5-1.5 s) observed in Tonga, both for models where LPO anisotropy develops everywhere above 410 km and for models where LPO anisotropy is confined to regions of relatively high stress. If LPO anisotropy does develop over the entire upper 410 km of the mantle, the strength of anistropy induced by a given amount of shear strain must be relatively weak (-4% for shear strains of 1.5, with a maximum value of-6% for very large strains). The splitting observations are comparably fit by a wide range of different viscosity models. Anisotropy due to melt-filled cracks aligned by stresses in the back arc flow models predicts fast directions roughly normal to observed values and thus cannot alone explain the observed splitting.
Introduction
Significant shear wave splitting has been observed in numerous subduction zone back arcs [e.g., Savage, 1999] . Can these data be explained by flow in the back arc mantle that is driven by coupling to local plate motions? In addition, assuming that upper mantle anisotropy is produced by strain-induced lattice preferred orientation ( 
. If these data are modeled using a layer of mantle anisotropy with uniform orientation and strength, the bottom of this layer cannot exceed 435 km, indicating that the anisotropy cannot extend significantly into the mantle transition zone [Fischer and Wiens, 1996] . However, strain, LPO, and anisotropy in the back arc are not likely to be uniform, particularly given the probable entrainment of mantle by the subducting slab and upper plate. We therefore turned to numerical flow models to determine whether the shear wave splitting data are consistent with back arc flow that is driven by coupling to the subducting and upper plates.
Viscous Flow Models
Models of two-dimensional viscous, incompressible mantle flow driven by prescribed plate motions were formulated using finite element approximations. A standard penalty function formulation to enforce incompressibility with linear quadrilateral elements and a uniform viscosity within each element [e.g. Reddy, 1993] was employed. The model geometry and boundary conditions in a vertical plane parallel to the direction of subducting plate motion are defined in Figure 3 . These boundary conditions approximate the components of Tonga region plate motions that lie in the plane of the model (parallel to the azimuth of Pacific plate motion). Smaller plate motion components normal to the model plane also exist [Gripp and Gordon, 1990; Bevis et al., 1995] but were ignored in the simple two-dimensional models of this study. Use of more realistic three-dimensional plate motion boundary conditions is the subject of ongoing work [Hall et al., 1999] .
The right boundary represents the top side of a slab subducting at a prescribed rate (10 cm/yr) and with a dip of 60 ø. The real dip of the Tonga slab at shallow depths (< 100 km) is overestimated in these models (Figure 3 orthopyroxene LPO increases rapidly with strain for small strains and then levels off, but the absolute amount of LPO and anisotropy at a given strain varies from study to study [Ribe, 1992 [Frisillo and Barsch, 1972] . The orthopyroxene c axis was assumed to be parallel to the olivine a axis, and the orthopyroxene a axis was parallel to the olivine b axis. This orientation of orthopyroxene was observed in the kimberlite nodules of Mainprice and Silver [1993] . When orthopyroxene anisotropy with this orientation is added to a predominantly olivine matrix, its effect is to weaken the net strength of the anisotropy by a few percent without altering the fast axis of anisotropy defined by the olivine. Use of single-crystal orthopyroxene coefficients, as opposed to the more weakly anisotropic coefficients expected for a realistic orthopyroxene LPO, will slightly reduce the overall strength of the anisotropy for these three models. Therefore, these coefficients were not used to calculate shear wave splitting. Finally, in order to provide a model with weaker anisotropy, we assumed that the elastic coefficients of Mainprice and Silver [1993] correspond to a shear strain of 1.5, producing a maximum anisotropy of-6%. The modal composition for the Mainprice and Silver coefficients is 65% olivine, 31% enstatite, and 4% garnet.
Calculating Shear Wave Splitting
Shear wave splitting was predicted from sources at 400-and 600-km depth at the slab-mantle interface on ray paths contained in the plane of the two-dimensional models ( Figure  5 ). These paths were computed relative to the AK135 radial earth model [Kennett et al., 1995] and are comparable to observed shear wave paths with back azimuths roughly parallel to Pacific plate motion, although the real paths originate from a more continuous range of source depths and from sources that may be located up to 50 km to the east or west of the planar slab interface assumed in the model. Splitting parameters were obtained for each path by 1) calculating incremental splitting due to the local mantle anisotropy sampled by a shear phase at 10-km depth intervals, 2) integrating the effects of the incremental splitting on the shear phase particle motions from the source to the surface, and 3) calculating shear wave splitting from the predicted surface particle motions using the same method (that of Silver and Chan [1991] ) that was applied to the observations. Horizontal shear wave particle motion at the source, u0, was assigned equal radial and transverse amplitudes and a period of 5 s, roughly comparable to most phases analyzed for shear wave splitting in Tonga. In each 10-km depth increment the splitting due to local anisotropy was calculated using the This approach to calculating shear wave splitting oversimplifies the frequency-dependent interaction of the shear wavefield with anisotropic structure [e.g., R•;impker and ], and care must be taken to keep 8tn values small with respect to the period of u0. However, shear wave splitting determined with this method was tested against propagator matrix synthetic seismograms [Keith and Crampin, 1977] for stacks of anisotropic layers containing fast direction and anisotropy strength variations comparable to that found in the flow models. At periods corresponding to the waveforms from which the shear wave splitting observations were made, and for the relatively steep incidence angles used in this study, the splitting predicted by the two approaches agrees to within +3 ø for fast directions and +0.2 s for splitting times. Because the variations between splitting times for the four viscosity models are small relative to the scatter in the observed splitting times, the observations cannot be used to discriminate between the viscosity structures. In other words, all four viscosity models and flow regimes are equally consistent with the shear wave splitting observed in Tonga.
Confining Dislocation Creep to High Stress Regions of the Back Arc Mantle
Taken at face value, the above results argue for relatively weak LPO at a given strain, for instance, -4% at shear strains of 1.5 with a maximum anisotropy of-6%.
However, the assumption made in these models that strain-induced LPO develops over the entire upper mantle may not be valid. For instance, shear stress, temperature, water content, and grain size all affect the relative strength of dislocation creep versus diffusion creep [Karato and Wu, 1993] . Shear stress and temperature certainly vary within the back arc mantle, while variations in water content and grain size are likely.
Here we investigate the possibility that LPO of mantle minerals and anisotropy preferentially develop in higher shear stress regions of the back arc mantle. The physical basis for this scenario is that strain rate due to dislocation creep varies as shear stress to a power of 3.0-3.5, 'whereas strain rate due to diffusion creep varies only as shear stress to a power of 1.0 [Karato and Wu, 1993] . As shear stress rises, the relative contribution to strain rate by dislocation creep is increased for mantle material of a given grain size. An important caveat is that dynamic recrystallization in the dislocation creep regime will decrease grain size with increasing shear stress [Karato and Wu, 1993] , thus driving mantle conditions back toward those favorable to diffusion creep. However, given uncertainties in the processes of grain growth and recrystallization, we focus on the effects of shear stress at a given grain size and evaluate models in which anisotropy develops only in regions of high shear stress. Shear stress patterns in the four viscosity and flow models are simple and intuitive. In the uniform viscosity model, shear stresses are high in the mantle wedge near the subducting and upper plates (Figure 6a ) but decrease rapidly away at distances of more than 200 km from either plate. The effect of low-viscosity zones is to locally reduce stress. In the model with a low-viscosity layer at the base of the upper plate (Figure 6b) , a high-stress region occurs only near the subducting slab, and in the model with a low-viscosity layer at the slab-wedge interface (Figure 6c) , a high-stress region occurs only at the base of the upper plate. In the model with a high-viscosity layer at the slab-wedge interface (Figure 6d) , high shear stresses occur near the subducting and upper plates, and the width of the high-stress region near the slab is increased relative to the uniform viscosity model.
Because of uncertainties
in the value of shear stress that might mark the transition from diffusion to dislocation creep and in the rate with which diffusion creep might erase LPO previously developed under dislocation creep, the extent and strength of LPO in the high-stress regions is difficult to assess. We therefore assumed that LPO develops in highstress regions that are 150-200 km in thickness, and we used the incremental splitting calculated in the models of section 6 to estimate the net splitting for these high-stress zones. For the models with uniform viscosity and high-and lowviscosity zones above the slab, splitting accrued in their high-stress regions provides a good fit to the observations but only if the maximum strength of anisotropy is more than 6%. Because the viscosity model with a low-viscosity zone at the base of the upper plate contains high stresses only near the slab, little to no splitting is predicted for sources at 600 km or deeper if anisotropy is assumed to occur only shallower than 410 km, leading to an obvious misfit with the observations (Figure 2 If anisotropy is confined to such high-stress regions, phase path lengths through the anisotropic mantle wedge would still be longer than most phase path lengths in the slab, but if anistropy had similar strengths in the slab and wedge, slab contributions to observed splitting times could be significant for some phases. However, because path lengths in the slab vary by an order of magnitude [Fischer and Wiens, 1996] , whereas observed splitting times vary by a factor of 3 or less (Figure 2) , it is unlikely that slab anisotropy alone could explain the shear wave splitting observations.
Melt Pocket Anisotropy
The presence of small-scale oriented isotropic heterogeneity, such as melt-filled cracks or pockets, can also produce significant mantle anisotropy [Kendall, 1994] . We therefore examined the alternative hypothesis that the splitting observed in the Tonga back arc mantle, as well as in other subduction zones, may be attributed to melt-filled pockets or cracks oriented by the local direction of the stress field. Following the experiments of Zimmerman et al. [1999] , we assumed that melt-filled cracks would align at 20ø-30 ø from the maximum deviatoric compressive stress. The crack faces would strike normal to the plane of the two-dimensional flow models, and their projection onto the model plane would lie 20o-30 ø away t¾om the maximum compressive stress difference, whose local orientation is shown in Figure 6 . In general, the fast shear polarization would be normal to the model plane, except where rays are normal to the crack faces and particle motions lie within the crack face plane, in which case no splitting would occur. Apparent splitting fast directions would be aligned normal to the plane of the model and would thus be inconsistent with the observed fast directions. We therefore reject melt-filled cracks as the sole explanation of the observed shear wave splitting. However, relatively weak anisotropy due to melt-filled cracks could exist in addition to stronger LPO-induced anisotropy, in which case the melt anisotropy would reduce the net splitting time without altering the trend of the fast directions from an azimuth parallel to Pacific plate motion.
Implications for Flow and Anisotropy in the Back Arc Mantle
The primary conclusion of this study is that it is possible to quantitatively model shear wave splitting observed on back arc paths in the Tonga subduction zone with LPO anisotropy that is induced by two-dimensional back arc flow, where back arc flow is driven by the local motions of the subducting and upper back arc plates. The lack of splitting time sensitivity to viscosity distribution suggests that this conclusion is valid regardless of viscosity structure. In contrast, melt-filled cracks aligned by stresses due to back arc flow can be rejected as the sole explanation for the observed splitting. Although the presence of weak anisotropy due to melt-filled cracks cannot be ruled out, its strength must be substantially less than the LPO anisotropy created by back arc flow.
This study also places constraints on the relationship between LPO anisotropy strength and strain magnitude in the upper mantle. If the entire upper mantle deforms by dislocation creep, this study indicates that the strength of the LPO that develops for a given amount of strain must be relatively weak. For instance, a mantle with a maximum anisotropy of roughly 6% for shear strains of 5 or more would provide an acceptable fit to the observed splitting. However, if LPO anisotropy occurs only in limited high-stress regions of the mantle, or if the presence of melt anisotropy reduces the net amount of shear wave splitting produced in the upper mantle, then LPO and anisotropy for a given amount of back arc strain may be substantially stronger.
